Abstract Fire is a major ecosystem process affecting forests and wooded areas in the Mediterranean basin. In recent years, a clear increase in wildfires in Portugal has taken place with strong impacts on ecosystems. The destruction of vegetation cover and the change in soil properties lead to modifications in the hydrological regime, due to the contribution of each component of the hydrological cycle, and qualitative aspect, with the mobilization of substances that are forwarded to water bodies by overland flow and infiltration. This study evaluates the impact of a large wildfire on groundwater and surface water quality by various constituents of concern, particularly polycyclic aromatic hydrocarbons (PAHs) in Caramulo Mountain (Central Portugal). Water samples from burnt and unburnt areas were collected in eight sampling points, over five campaigns, during 19 months, to evaluate the influence of precipitation and the time elapsed since the wildfire on the magnitude of pollutant loads entering the reservoirs as well as the impact attenuation. Fourteen of the 16 priority PAHs were found, especially naphthalene and benzo(ghi)perylene. The concentration of PAHs followed the precipitation profile, proving the influence of overland flow and infiltration on the input of these pollutants into surface water and groundwater. The behavior of nutrients and other trace elements was also evaluated, revealing similar fluctuations for several major ions (Mg ? , Cl -and SO 4 2-) and metallic elements (Fe, Mn and Pb). The research results have contributed to improve the understanding of fundamental physical and biogeochemical processes controlling the formation and transport of PAHs in hydrological systems, and the role of natural remediation processes.
Introduction
Water from mountain regions has been progressively more perceived as a crucial natural resource given its economic, social and environmental significance. The recognition of this importance by UNESCO on the International Hydrological Programme (IHP) has strengthened the need of preservation of those resources (UNESCO 2014) .
Wildfires are one of the major causes of water quality deterioration in mountain areas due to the entry of pollutants in the hydrological systems, mainly as a consequence of vegetation burning (e.g., Bladon et al. 2008; Smith et al. 2011; Mansilha et al. 2014) . The Mediterranean Basin loses every year between 0.7 and 1.0 million hectares of forests due to wildfires, corresponding to an estimated economic loss of 1000 million euros. Portugal accounted for 39% of the total burnt area in the Mediterranean region between (FAO 2013 . In 2013, the burnt area reached 152,756 ha, which represents an increment of 6.4% on average of the previous decennium. During August 2013, Portugal was severely affected by several wildfires affecting areas larger than 1000 ha, especially during the second half of the month (European Commission 2014).
Serra do Caramulo, a mountain located in Central Portugal ( Fig. 1) , is recognized as an important water reservoir, essential for the regional socioeconomic dynamics, providing high-quality water resources for human uses as well as for supporting a number of ecosystem services. Between 21 and 30 August 2013, this mountain was affected by three intense wildfires (Fig. 2) , resulting in a joint burnt area of approximately 9416 ha. In addition to the wide burnt area, Caramulo wildfires originated four human deaths and a high number of injured, as well as the It is known that the destruction of vegetation cover, ash deposition and the change in soil properties (namely, topsoil hydrophobicity and the distribution of nutrients and organic matter in the soil profile) produce changes in the hydrological regime, both quantitative (with changes in hydrological processes such as infiltration, which usually decreases, overland flow, which usually increases, and streamflow, which is normally disturbed) and qualitative (with changes in water chemical composition due to the mobilization of wildfire related substances); e.g., Shakesby and Doerr (2006) . Soil properties can experience shortterm, long-term or permanent wildfire-induced changes, depending mainly on soil characteristics, severity and frequency of wildfires, and post-fire climatic conditions (Tecle and Neary 2015; Certini 2005 ).
The combustion process originates a great number of compounds which enter the atmosphere, such as carbon dioxide and several groups of ''priority'' pollutants like polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and polycyclic aromatic hydrocarbons (PAHs) which can contaminate the environment (Vergnoux et al. 2011) .
PAHs form a class of diverse organic compounds, each containing two or more fused aromatic rings of carbon and hydrogen atoms. Most PAHs enter the environment via the atmosphere from a variety of combustion processes and pyrolysis sources. PAHs are known to be harmful to humans, as well as to several aquatic organisms. These compounds are included in the European Union list of priority hazardous pollutants of great environmental concern due their mutagenic, carcinogenic and teratogenic properties, as well as environmental long-term persistence, Fig. 2 Geological framework of the Caramulo Mountain ridge and location of water sampling points. Adapted from Oliveira et al. 1992 Sustain. Water Resour. Manag. (2019) 5:319-331 321 widespread occurrence, long-range transportation and tendency to bioaccumulate (WHO 2011; IARC 2010) . Sixteen species of PAHs have also been recommended as priority pollutants by the US Environmental Protection Agency (USEPA) and are registered in the American list of priority pollutants that need to be monitored in the environment (Keith 2015) . Wildfires are one of the most important natural sources of PAHs in the environment. However, substantial knowledge gaps persist in understanding the resulting water quality impacts. Besides PAHs, wildfires can cause changes in a number of water quality parameters of interest or concern to water systems, including sulfate, pH, total dissolved solids, turbidity, organic carbon, chloride, iron, color, taste and odor. The magnitude of these changes is still largely unknown, but is controlled by the type of ecosystem affected and will depend mainly upon several factors including the severity and duration of the wildfire, the slope of the terrain, and the amount and intensity of precipitation during post-fire rain events (Sham et al. 2013) . One of the main hydrological effects of wildfires is the potential for increased overland flow after burning, as it may carry suspended soil particles, dissolved inorganic and organic compounds and other materials into adjacent streams and lakes reducing water quality (e.g., Vila-Escalé et al. 2007; Smith et al. 2011) . Also, as rainwater infiltrates and percolates through the soil, such compounds may as well be leached out of the ash and burn soil, thus affecting groundwater. This process is especially important in coarse-textured soils because these usually have greater hydraulic conductivity.
The aim of the present research was to evaluate the postfire impact on groundwater and surface water quality in Serra do Caramulo Mountain as well as the corresponding recovery time of the hydrological system. This study contributes to improve the knowledge regarding mountain hydrology, particularly water pollution resulting from wildfires.
The increasing knowledge regarding water quality changes due to forest wildfires is essential for the preparation of scientifically based decision criteria for post-fire forest management practices, namely to allow the definition/presentation of an accurate official list of organic pollutants to be monitored, propose new mechanisms for water treatment, ensure quality and allow new environmental remediation strategies and human health protection and promotion.
Hydrogeological framework
Serra do Caramulo (40°28 0 -42 0 N; 8°18 0 -04 0 W) is an NNE-SSW mountain ridge located in Central Portugal ( Fig. 1) with a maximum altitude of 1074 m a.s.l. at the Caramulinho summit. To the west, this territory falls into the Vouga River catchment, whereas to the east it falls into the Mondego River catchment. The mountain's eastern slope is steeper than the western slope and corresponds to a tectonic scarp originated by the Penacova-Régua-Verín fault zone (e.g., Ferreira 1978; Coelho et al. 2009 ). Also, the granitic relief is irregular and is characterized by the occurrence of a number of peaks.
The Serra do Caramulo climate has Mediterranean features, with a mean value of annual precipitation around 2300 mm at the Caramulo climatic station (located at 810 m a.s.l.). The precipitation is higher than in the surrounding lowlands, namely the Aveiro and Viseu regions (located 45 km to west of Caramulo and 25 km to east of Caramulo, respectively), but follows a similar temporal distribution pattern. January is the rainiest month (376 mm) and July is the driest month (21 mm). The mean annual air temperature is around 12°C, with the maximum in July (19°C) and minimum in January (6°C). The Serra do Caramulo Köppen-Geiger climate classification is Csb which is dominant in Northwestern Iberia and corresponds to warm temperate, with dry and warm summers (AEMET-IM 2011; Peel et al. 2007) .
Serra do Caramulo is located in the Central Iberian Zone of the Iberian Massif (Ribeiro et al. 2007 ). The dominant regional geological units occurring in the region (Fig. 2 ) are metasedimentary and granitic rocks; sedimentary cover areas are also present. Consequently, the major hydrogeologic features and processes are controlled by fractured groundwater circulation media, being the porous media residual.
Materials and methods

Wildfire description
The August 2013 wildfire (Fig. 3) affected a wide area corresponding to forest (5844 ha), woods and pastures (3097 ha) and agriculture (400 ha). As for forest species, eucalyptus (3297 ha) was the most affected, followed by maritime pine (2248 ha), other species (250 ha) and oaks (50 ha) (ICNF 2013) .
The spatial variability of wildfire intensity was considerable and was usually higher in maritime pine areas ICNF (2013). Soil burn severity was also higher in this type of forest according to in situ post-fire observations based on Parsons et al. (2010) indicators (see Fig. 3 ): (1) nearly all of the pre-fire ground cover and surface organic matter was consumed, and charring was visible on larger roots; (2) the prevailing color of the burnt sites was often black due to extensive charring; (3) bare soil or ash was exposed and susceptible to erosion; (4) soil structure became less stable; (5) a layer of gray ash developed. This set of springs and streams provided a monitoring network for investigating the influence of wildfires on water chemical constituents, especially the 16 PAHs listed by the U.S. EPA as priority pollutants, as well as their temporal evolution after the event. The studied springs and streams were chosen to be as much as possible preserved from anthropogenic impact, reducing the risk of water contamination by other sources of pollution than wildfires, which were considered the main influencing factor. In fact, the major parts of the associated spring's recharge areas and stream catchments correspond to forest, shrubland and rock outcrops, while agricultural areas represent a small fraction of these areas.
Samples were collected according to ISO 5667-3:2003(E) Water quality-Sampling-Part 3: guidance on the preservation and handling of water samples. For PAHs analyses, samples were collected in glass amber bottles and refrigerated at 4°C until laboratory testing. Simultaneously, additional samples were collected for the analyses of other physicochemical parameters of water quality, namely, major inorganic ions and heavy metals. Water pH, electrical conductivity (EC) and temperature were measured in situ at the moment of sampling.
Laboratory analysis
Analytical standards were obtained from Sigma-Aldrich (Steinheim, Germany) or Merck (Darmstadt, Germany -, F -and SO 4 2-), total organic carbon (TOC) and heavy metals (Cr, Mn, Ni, Cu, Zn, As, Cd and Pb) were analyzed using an ion chromatograph (Dionex TM ion chromatography system DX-120/ICS-1000), a Shimadzu TOC-V analyzer (TOC-ASI-V) and a Varian AA240 Atomic Absorption Spectrometer, respectively. Elements such as Al, Fe, NO 2 -, NH 4 ? and SiO 2 were analyzed in a continuous segmented flow instrument (San-Plus Scalar). PAHs were analyzed by solid-phase extraction coupled to gas chromatography/mass spectrometry (SPE-GC/MS) methodology in a Shimadzu GCMS-QP2010 gas chromatograph mass spectrometer equipped with an auto injector AOC5000, according the procedure described in Mansilha et al. (2014) .
Results and discussion
The impact of wildfires on water quality is directly dependent on the burn extent and severity, erosion processes and the generation and transfer of different constituents to water, especially after rainfall. This paper focuses on a range of physical and chemical constituents that may be derived from forest environments and impact upon drinking water quality. Wildfires may generate additional pollutants (e.g., polycyclic aromatic hydrocarbons) that occur in otherwise negligible amounts or increase the storage of pre-existing contaminants which may be mobilized and delivered to streams and aquifers (Smith et al. 2011 ).
The risks associated with different constituents range from esthetic concerns (taste or appearance) to potential toxicity or carcinogenicity with prolonged exposure to elevated concentrations. Generally, elevated chemical constituent concentrations following wildfires are shortlived, although elevated concentrations may persist for some time after post-fire rainfall events. Information on the health effects of short-term consumption of water with concentrations exceeding guideline values is often unavailable and may not necessarily present a health risk. Nonetheless, depending on the post-fire water chemical composition, this may be problematic for water authorities and when regarding individual susceptibility (age, health and other factors) (Olivella et al. 2006; Smith et al. 2011) .
At the moment of the first sampling, in September 2013, ashes and organic debris covered a great part of the soil surface. The magnitude of water contamination in the first 19 months varies substantially according to the sampling points. Post-fire concentrations of several water quality parameters are shown in Table 1 .
Analytical results of the first campaign should be faced with caution, because the precipitation in Portugal, from June to August 2013, was below normal values and, therefore, this period has been classified as dry to extremely dry by IPMA (2013). These climatic conditions may justify the higher major ion concentrations observed in springs and streams.
Suspended sediment and ash inputs affect several physical parameters of surface water and groundwater quality and may also transport various particle-associated chemical contaminants (e.g., Ferreira et al. 2005; Smith et al. 2011) . The effect of ash on water chemical quality is difficult to predict due to its variable composition that reflects the type of vegetation and the part of the plant burnt (bark, wood or leaves), climate, soil type and combustion conditions. Estimates of multiple increases of target analytes (i.e., post-fire concentration increases as multiples of unburnt control catchment concentrations) reveal large variation, ranging from 1 to several times.
Post-fire mean values of turbidity and electrical conductivity revealed an increase when compared with the unburnt control values (1.1-3.3 times and 1.5-2.8 times, respectively) that remained high until the end of the monitoring program. Wildfire did not affect the color of water samples (after 0.45 lm filtering), which is used as a general indicator of the level of dissolved organic matter in natural waters.
A slight increase of pH values was observed around 6 months after the wildfire, both in groundwater and surface water, which was maintained during the study period with a tendency to decline 1 year after the wildfire. Identical results were achieved for alkalinity with factors varying from 2.3 to 3 times the values of Cadraço Spring. Some authors reported that wood ash is highly alkaline and calcium carbonate (CaCO 3 ) is its major compound along with other carbonates and oxides of metals and silica, increasing soil pH immediately after burning (e.g., Smith et al. 2011; Pereira et al. 2014) .
Wildfire effects on stream exports of TN and TP are different, with slight variations regarding mean nitrogen values (0.8-1.7 times unburnt) and a marked increase of phosphorus 30 days after the wildfire (34-258 times unburnt) with concentrations declining to background levels within several months. Ferreira et al. (2005) found 8900 mg/kg of P in ash under burnt Pinus pinaster stands in Portugal.
Regarding the various forms of nitrogen, the first-year post-fire mean nitrate (NO 3 -) concentrations were 27-104 times higher than the unburnt control values, with a maximum concentration of 8.1 mg/L in Bezerreira Spring 5 months after the wildfire. Nitrite (NO 2 -) and ammonia (NH 4 ? ) concentrations were low in all samples during the entire study period with mean variation factors of one to two and one to three times the mean values of the unburnt control, respectively. A small decline or minor increase of TOC and COD values was observed with factors of 0.2-1.0 times, as during combustion organic matter loss is frequent (Certini 2005) . Fire induces changes to cycles of soil nutrients other than N and P, which are also dependent upon the type of nutrient, burnt tree species, soil properties, and pathways of leaching processes.
As pointed out earlier, in September 2013, especially in Coto, Viveiros and Cadraço springs, the available concentrations of Ca 2? , Na ? and K ? were significantly higher than in the subsequent campaigns, although after 3-6 months these concentrations were normalized. Since the September 2013 water samples represent a drought period, during which the normal groundwater dilution resulting from rainwater infiltration did not take place (e.g., Pacheco et al. 2001; Mkandawire 2008) , this may increase groundwater mineralization originated by water-rock and water-soil interactions.
A more persistent wildfire-induced enhancement of Mg ? , Cl -and SO 4 2-was detected, with factors of 1.6-4.7, 1.4-1.8 and 1.0-4.0, in comparison to mean control levels, respectively. Increased post-fire exports of Na ? , Cl -and SO 4 2-, relative to unburnt areas, have also been observed by Ferreira et al. (2005) in Central Portugal forests after a wildfire. Burning may increase the concentration of SO 4 2-in surface soils through oxidation of sulfur in soil organic matter, while Na ? , SO 4 2-and Cl -may be leached from burnt plant litter and ash deposits (Smith et al. 2011) . Regarding these parameters, no significant differences were observed between surface water and groundwater samples.
Contamination of water reservoirs by trace elements such as Fe, Mn, Cu, Zn, As, Ni, Pb, Cr and Cd was also analyzed, as the mobilization of metals can be influenced by fire and fire-induced pH changes. Metal concentrations have increased between 1 and 8 months after the wildfire, especially Fe, Mn and Pb. This effect was more noticeable after the first large post-fire period of rain in January and February 2014, for Fe in groundwater samples with an increase in concentrations of 1.3-19.5 times over the control levels, and for Pb in Coto, Viveiros and Amores springs with concentrations increase of 1.3-7.0 times. Significant increases of Fe were also observed in surface waters immediately after the wildfire (12.9 and 2.2 times over the background levels in Dornas Stream and Muna Stream, respectively), but these concentrations have declined to background levels within 3 months. In the case of Mn, the highest concentrations were measured in January 2014 in groundwater and surface water (7.5-67.5 times over the control levels). The behavior of Mn is in accordance with the Gonzalez Parra et al. (1996) study, which found that in a P. pinaster forest, both total content and easily reducible forms of Mn have increased significantly following wildfire due to Mn supplied by the ash in the form of amorphous and crystalline oxides (Certini 2005) (Fig. 4) . Concentrations of Cu, Zn, As, Ni, Cr and Cd presented a negligible change from unburnt control sample concentrations.
Regarding polycyclic aromatic hydrocarbons, 14 of the 16 EPA's priority PAHs were found in water samples during this study. The behavior of total PAHs followed the temporal distribution of precipitation (measured at the Aveiro and Viseu meteorological stations) during the study period, proving the influence of rainfall on the input of these pollutants into surface and groundwater (Fig. 5) . The measured PAHs concentration was 1.2-4.0 times higher than in the unburnt control samples, where a minor influence of rainfall was observed possibly due to ash deposition transported by wind, which has been observed in August 2013, during the wildfire.
The decay process of PAHs began in the spring of 2014, with values getting closer to the ones of the control sample concentrations in April 2015.
The most detected PAHs in water samples collected in January 2014 were Nap (25%), BghiP (17.6%), Ind (13.6%), BbF (9.4%), BaP (6.8%) and BkF (6.5%) (Fig. 6) . The concentration of total PAHs, including carcinogenic and noncarcinogenic compounds, ranged from 0.034 lg/L in Cadraço Spring to 0.138 lg/L in Viveiros Spring. Regarding the seven carcinogenic PAHs with high molecular weights (BaA, Chr, BbF, BkF, BaP, Ind and DahA), concentrations ranged from 0.002 to 0.082 lg/L with a mean value of 0.03 lg/L, accounting for 45% of total PAHs. With the exception of Muna Stream, all samples presented results that were higher than the safe limits of the EPA National Recommended Water Quality Criteria for the protection of aquatic life and human health (0.00012 lg/L for BaP and DahA, 0.0012 lg/L for BaA, BbF and Ind, and 0.012 lg/L for BkF and 0.12 lg/L for Chr) (USEPA 2016).
High levels of BaP, the most carcinogenic pollutant of all PAHs (Dybing et al. 2013) , were detected in Coto, Viveiros, Valeiroso and Bezerreira springs, with concentrations ranging from 0.0048 to 0.0113 lg/L.
At all sampling sites and sampling dates, the sum of the concentrations of BbF, BkF, BghiP and Ind, mentioned in the European Union Council Directive 98/83/EC, was below 0.100 lg/L, the established limit for drinking water. Regarding BaP, the parametric value of 0.010 lg/L was exceeded in Viveiros Spring (0.0113 lg/L) in January 2014, with potential implications to human health.
PAHs are also included in the list of the priority hazardous substances of the Directive 2013/39/EU of the European Parliament and of the Council of 12 August 2013 that lays down environmental quality standards (EQS) for priority pollutants in the field of water policy in surface waters. Chemical pollution of surface water poses a threat to the aquatic environment, with effects such as acute and chronic toxicity in aquatic organisms, accumulation of pollutants in the ecosystem and loss of habitats and biodiversity, and also to human health. The maximum allowable concentrations (MAC) for inland surface waters are: 0.27 lg/L for BaP, 0.017 lg/L for BbF and BkF, and 0.0082 lg/L for BghiP. In Dornas Stream, the MAC-EQS for BghiP was exceeded in January 2014 (0.0086 lg/L). The identification of PAHs sources in environmental samples is not always simple, as there could be a coexistence of different origins and transformation processes. Diagnostic ratios can be used to distinguish between petrogenic and pyrogenic origins, depending on PAHs physical and chemical properties and stability against photolysis.
The petrogenic sources are mostly a result of the diagenetic transformation of organic matter from plants which takes place in geologic materials, while the pyrogenic sources are due to the burning of organic matter, namely wildfires and fossil fuel combustion (Denis et al. 2012; Nasher et al. 2013) .
Various congener ratios were selected as indicators of PAHs origin, and values were calculated using PAHs mean results. Ratios of (Ant/Ant ? Phe) \ 0.1, (LMW/ HMW) \ 1 and (Phe/Ant) \ 10 indicate pyrogenic sources. The (Ind/Ind ? BghiP) and (BaA/BaA ? Chr) ratios are used to further distinguish combustion sources: high ratios ([0.50 and [0.35, respectively) (Edokpayi et al. 2016; Yunker et al. 2002) .
In the present study, the ratios of (Ant/Ant ? Phe) and (Phe/Ant) were calculated with results between 0.10-0.55 (mean 0.33) and between 0.81-8.88 (mean = 3.43), respectively, for samples in which PAHs were detected, supporting that they had mainly a pyrogenic signature. In addition, the values of (BaA/BaA ? Chr) ratios were [0.20, with Amores, Valeiroso and Bezerreira springs showing the highest results (Fig. 7) .
The dotted lines delimit two clusters of springs from the Caramulo study area suggesting that there is a relationship between PAHs ratios and the geological conditions. The first group includes the Amores, Bezerreira, Cadraço and Valeiroso springs, all located in granitic areas, where the contribution of petrogenic PAHs does not take place and, consequently, pyrogenic PAHs are dominant. Dornas Stream is very close to this group because its catchment (with an area of around 5 km 2 ) is also granitic. The second group comprises the Coto and Viveiros springs, located in metasedimentary areas, where the occurring PAHs reflect a mixed influence of petrogenic and pyrogenic origins. Muna Stream is located apart from both clusters because its catchment (also with an area of around 5 km 2 ) is more complex, being composed of granitic and metasedimentary rocks.
PAHs are important targets for wildfire analysis as they could be distinguished from those of fossil fuels sources, being produced over a wider temperature range than charcoal (200-900 vs. 200-600°C) and being more resistant to degradation within sediments. Their structures are related to the wildfire temperature as a hotter wildfire tends to produce more PAHs with a greater number of condensed aromatic rings (Denis et al. 2012) , as it was observed in Coto and Viveiros springs in January 2014 where high molecular weight PAHs (4-6 fused aromatic rings) account for more than 80% of the total PAH concentrations.
Conclusions
This study contributed to improve the knowledge on the effect of wildfire on water quality in mountain areas. Wildfires can cause changes in a number of water quality parameters of interest or concern to water systems, including pH, EC, major ions, total dissolved solids, turbidity, organic carbon and organic compounds such as PAHs.
Mountain areas like the Caramulo ridge are an important source of high-quality water used in domestic, agricultural, industrial and recreational activities. However, following the wildfire of August 2013, the local water cycle has been deeply disturbed due to changes in hydrological processes like surface runoff, infiltration and aquifer recharge, affecting water chemical composition.
The obtained results revealed a wide range of wildfire effects on the levels of various physical and chemical constituents in water from springs and streams from Caramulo Mountain. In many cases, the most evident effects were observed in the January 2014 campaign, during the first important post-fire wet period. After this peak, most effects were considerably attenuated within 1 year.
Post-fire mean values of water pH, alkalinity, electrical conductivity and turbidity revealed an increase regarding the pre-fire conditions as well as the control spring, while TOC and COD have revealed slight differences. Variations in major ion and trace element concentrations took place, namely: NO 3 -, Mg ? , Cl -and SO 4 2-, TP, Fe, Mn and Pb. Other metals (Cu, Zn, As, Ni, Cr and Cd) showed negligible concentration changes regarding the unburnt control spring.
In addition, the behavior of 16 PAHs was evaluated revealing an increase of several compounds approximately 5 months after the wildfire, especially BaP at levels above the parametric value for drinking water, probably associated with precipitation events. Other compounds were also above established limits for inland water and groundwater, such as BghiP. Concentrations decreased 8 months after the wildfire, showing residual levels at the end of the study. Decrease of PAH levels can probably be attributed to their degradation by atmospheric agents, such as temperature and humidity, and adsorption on particles.
Diagnostic ratios suggest that PAHs can be largely attributed to combustion, revealing the inputs of the pyrogenic material. Nevertheless, the geological conditions may as well be an important factor controlling the presence of petrogenic PAHs.
With the exception of PAHs, physical and chemical constituents' concentrations measured at all sampling sites and on all sampling dates remained within the European drinking water guidelines, appearing to present a generally low risk of exceeding the parametric values. However, this study is important for understanding wildfire effects on surface water and groundwater quality, which are particularly relevant to improve the knowledge on the type and magnitude of wildfire environmental impacts on water resources at catchment scale.
